The role of electroosmosis was studied directly in Nitelta. The cells were mounted in a water-tight barrier between two chambers containing reversible electrodes for the application of potentials, and fitted with calibrated capillaries to measure water movement.
, though a few direct tests have been performed, mostly with complex tissues such as twigs (5) , roots (6) , or mammalian membranes (7) . These often employed very high applied potentials (120 to 220 volts)--over 1000 times the normal bioelectric range--and the tissues may well have been damaged.
Theory can be as well invoked contra as pro: e.g., the absence of pores in protoplasmic membranes, inadequate natural potentials and currents, and the presence of salt concentrations too high for the manifestation of electrokinetic phenomena. Sollner et al. (1) , however, found that anomalous osmosis in artificial membranes can occur at physiologically possible salt concentrations. It therefore seemed desirable to explore the importance of electroosmosis as a water-moving mechanism by direct measurement in single cells, preferably in those whose bioelectric and osmotic properties have been already established. The long internodal cell of Nitdla is especially adapted to such study: it is electrically very well known, and its permeability and osmotic properties have been much investigated, of late with particular attention to water movement or "transosmosis" (8) (9) (10) . It has a large and definite surface, and can tolerate a variety of solutions, from distilled water to 0.1 ~ salts and even more concentrated non-electrolytes. The effects due to the nonliving cellulose wall can be independently evaluated by removing the protoplasm and sap (11) .
Methods
The apparatus employed is shown in Fig. 1 . The cell (of Nitella davata), about 5 era. long and 0.5 ram. in diameter, was previously isolated from all neighboring ceils, and held in a narrow groove, slightly wider than the cell's diameter, channeled in the two halves of a split cork. The groove was filled with vaseline, for waterproofing and electrical insulation, and the cell gently imbedded in it; the two halves of the cork were then fitted tightly together and inserted into the male member of a ball and socket ground-glass joint. The latter was held to the female member by a clamp. The far ends of these members were sealed to ordinary standard taper joints, making two equal compartments; while in a vertical position the latter were filled in turn with tap water or other solution, and ground-glass stoppers were inserted, taking care to avoid air bubbles. The stoppers bore calibrated glass capillaries and electrodes. The latter were of coiled silver foil, each about 5 cm. ~ in surface, coated electrolytically with AgC1, much like the electrodes of a Tiselius electrophoresis apparatus. The current was reversed sufficiently often to keep these well coated, and gas bubbling was never observed. Nor was silver poisoning apparent in the cells, which displayed good protoplasmic streaming after several hours in the apparatus, with moderate current flow (5 ua.).
After being held vertically for a few minutes, to test for leaks along the vaseline seal, the whole assembly was placed in a box and packed with "vermiculite" for insulation, only the capillaries and electrode wires protruding. Fluid was removed from the capillaries with a fine tube until the menisci were conveniently centered along attached millimeter rums, and the two menisci were observed under a magnifying glass. If any appreciable movement occurred, it signified leakage along the cell, or damage to one end, causing "transosmosis" (the role of which will be discussed later in connection with current flow). Such cells were discarded, unless the flow was vex 3 slight and regular, as in a few of the figures. The flows are expressed as total cubic millimeters of water movement (from the origin as zero), the values being the average of both capillaries: upward slopes signify water movement to the right, downward slopes to the left.
The applied potentials are indicated with the polarity of the right end of the cell.
The potentials were derived from dry cells or B batteries, sometimes provided with potential divider. A sensitive microammeter was in series to measure currents. 
Experimental Results
Occasionally there could be observed a small potential difference between the two chambers, due to unequal bioelectric potentials at the two ends of the cell. This might or might not be correlated with a flow of water. If the latter was large, it usually signified that one end was injured, allowing osmotic intake at the other end; and frequently coincided with a high potential. (The import of this as the result of large current flow is discussed later.) But, whether the potential was large or small, it was possible to test the effect of shortcircuiting it, and so produce a "natural" current of injury, by fastening the electrodes together (with microammeter in series). In no case did this shortcircuiting change the rate of water movement. This rather effectively rules out the discharge of the natural potential as a source of significant electroosmotic flow, since only with current flow can the latter occur.
However, it might be objected that the resistances of the intact cell from end to end are too large to produce very much current. This is true, since even with the large cells of Nitdla davata employed, resistances may be as high as one-half megohm, and the currents from the discharge of 100 to 150 Inv. not over 0.2 to 0.3 ua. (1 to 2 #a. per cm. z of cell surface). If the potential could find its sink very near to its source (as in "action currents") then larger currents might result. For this reason we studied the effect of potentials larger than the natural bioelectric value. Fig. 2 shows the result of applying 1.5 volts---a potential some ten times as great as the normal bioelectric potential of Nitella. There had been a very slow movement of water toward the left for about an hour before current flow; this scarcely altered during the potential application, nor did removal and later reversal of the applied potential effect any change in the flow. There was simply a very slow water movement, to no appreciable extent affected by the passage of some 3 ua.--a current density of about 20 ~a. per cm. ~ of cell surface. . A small flow of water occurred toward the left during the first hour, but ceased before the application of potential. The latter scarcely altered the flow, which continued on cessation of current, and on its reversal. Potential applications at the upward arrows, lasting for 1 hour each (to downward arrows). Sign of the potential is that of the right end of the cell. Water movement in mm.8; downward, to the left; upward, to the right. Still higher potentials were therefore applied, running up to 10 volts. In Fig. 3 , it is seen again that 1.5 volts scarcely affect the natural flow of water across the cell; 2.6 volts may have slightly done so, and 3.8 volts quite definitely, to the right or left depending on polarity. Only at 10 volts, however (some 100 times the natural potential of the cell), does a really large response occur, with water movement at the rate of about 8 ram. 8 per hr. This ceases on interruption of the current (or slightly reverses).
The effect of large currents is even more strikingly shown in Fig That a differential damage can result from high potentials is shown in Fig. 5 . While the first two applications, of 3.0 and 4.5 volts, cause only slight water movement, 12 volts (as in Fig. 4 ) are definitely effective, and reversible: with opposite polarity the water flow is to the left. However, the latter flow continues unabated (at about 32 ram. 8 per hr.) after the current is stopped; and this rate is maintained even though 20 volts are now applied, either positive or negative. Finally, when flow has ceased, 20 volts (negative) produce only a slight flow to the right. We interpret this experiment as follows: the first application of 12 volts caused a reversible injury at the negative end of the cell, but the second, of opposite polarity, produced a lasting injury, with transosmotic flow persisting after the current ceased, and during the applications of even higher potentials later. Noteworthy is the fact that when this injury persists, even the large currents resulting from 20 volts (I00 to 200 #a.) do not affect the water movement: the osmotic component is dominant over the electroosmotic. This conclusion will be further discussed below, especially in relation to reversible injury, but it is clear that the electrical component is only minor compared to the osmotic.
Attempts were therefore made to reduce osmotic flow by the application of more concentrated solutions to the cell, hitherto exposed to about 0.001 M salts in the tap water. Marmitol has frequently been used to control water movement in both Nitdla and roots, so a 0. . The potentia applications which elicited rather large water flows in the presence of tap water, now had much smaller effect. Only at 45 volts was there a reasonably large water movement, and this occurred as well after 3 hours, when the cell was dead. Signs and conventions as in Fig. 2 . Exposures, 15 minutes.
was made up in tap water to maintain some conductivity.) Fig. 6 shows the strikingly different results obtained on application of potentials. 1.5 to 5.0 volts were without appreciable effect, and even at 20 volts, the water movement was only about one-sixth to one-eighth the maximum found in tap water (of . Fig. 4 ). Only at 45 volts, an extremely injurious value (some 300 to 400 times the normal bioelectric potential range), was there appreciable water flow. I t is apparent that the presence of concentrated solution outside the cell had indeed decreased the effect of current flow, though this non-electrolyte should not have altered conditions for electroosmosis itself. If electroosmosis is responsible for the water movement at 45 volts (which was maintained even after 3 hours, when the cell was certainly dead), then this is at least smaller than osmotic water movement by some two orders of magnitude at biologically possible currents.
Somewhat more ambiguous results attended the use of electrolytes outside the cell. For this purpose diluted sea water (a balanced solution equivalent to 0.09 ~ NaC1 in osmotic pressure) was used to fill the electrode chambers. Currents were here somewhat larger, owing to higher conductivity, but at 1.5 and 3.0 volts, there was again little or no water flow. However at 4.5 and 10 volts it was definite, and at 20 volts quite striking (Fig. 7) . It might be thought that this concentrated a salt solution (about twothirds isotonic to the cell sap) would affect water flow in two ways: (1) decrease osmotic pumping at the uninjured (or less injured) end of the cell; (2) decrease electroosmosis proper through electrokinetic effects upon charged surfaces of the membrane.
However, it is apparent that neither effect is strong enough to suppress the effects of large currents, which indeed persisted for long periods (Fig. 8) and were nicely reversible. One explanation may be that the protoplasm at the less injured end is now not depleted of salts by the osmotic entrance of water alone, and so maintains its properties longer than when it is exposed to dilute salt solutions (eft Osterhout (8)). That 0.09 ~ NaCI is not indeed isotonic, and that rapid osmotic water intake can still persist, are shown by Fig. 9 . Here some acetic acid was added to the dilute sea water at the left end of the cell, and after about 20 minutes that end was sufficiently injured so that water began to flow out toward the left, being forced by the osmotic attraction at the other (right) end, still intact. While this flow was still continuing, 10 volts were applied,--first negative, then positive. Very slight change in water movement resulted--certainly less than 10 per cent in either direction. Remembering that this potential is some 100 times the normal bioelectric value, we may calculate that in nature electroosmosis is probably much less than 1 per cent of osmotic water movement. When the acid injury had later spread to the right end, and water flow had consequently stopped, the application of 10 volts in reverse polarity, did indeed cause a greater flow toward the right, but still at only about one-fifth the rate due to osmosis alone in the salt solution (again at a potential some 100 times the bioelectric range).
It finally became of interest to know how much of the water movement produced at high current densities was due to the cellulose wall, and how much to the more or less damaged, but still physically intact protoplasm. For this purpose, cells were used which had died and bleached out, but still exhibited a slight turgor (due to proteins or other indiffusible remnants of protoplasm). These could still be mounted in the vaselined corks, though there was doubtless some leakage along the cell. Results of a typical experiment are shown in Fig. 10 Effect of large potential applications to a dead Nitella ceil, in 0.09 x¢ NaCI (diluted sea water). There was a very small and reversible electxoosmosis, at extremely high current (400 #a., due to the low resistance of the dead cell). Polarities and signs as in previous figures. Exposures 15 minutes.
was produced reversibly at 20 volts, in the presenee of 0.09 ~ NaC1. Smaller voltages were without effect, and the results were essentially the same with either tap water or mannitol. There is no doubt that this is true electroosmosis, uncomplicated by differential osmotic flow. But it is very small, and occurs only at voltages and currents (here nearly 500 pa.) which are 100 times or more the bioelectric range. It may be responsible for part of the flow at 45 volts in Fig. 6 , since this occurred some three hours after the original application of 45 volts, which invariably damages or kills the cell. (In another case, however, even 80 volts applied to a cell exposed to isotonic mannitol produced no water flow.) DISCUSSION To what extent then, can electroosmosis be considered a natural, or if unnatural, a possible mode of water transport in Nitdla? The answer to the first question must be: "negligible", for neither bioelectric voltages nor currents are sufficiently high to produce a water flow even 1 per cent of that due to normal osmotic movement. Neither short-circuiting of small natural potentials, nor the application of external potential up to 10 or 20 times the maximum bioelectric range is visibly effective, even for periods of an hour. Practically all the experiments here reported agree in this regard, though occasionally at 3 volts there is a slight effect. But again we emphasize that this, while reversibly injurious, is still 20 to 30 times the bioelectric potential.
When we apply higher voltages-of a second order of magnitude above normal--water movements unquestionably result. We have already suggested the cause of these. In this connection Figs. 5, 6, and 9 seem especially significant. In Fig. 5 the application of 12 volts (--) caused good water movement toward the right, and, with reversal of polarity, toward the left. This flow, however, continued unchanged when the potential was removed, and it was essentially unchanged when the potential was later increased to 20 volts (in either direction). We are forced to conclude therefore that such a large electric current damaged the protoplasm (here at the left end of the cell) irreversibly, so that its osmotic properties were lost and water was now forced out across it by the osmotic intake at the right end of the cell. (See Fig. 11 .) Once this damage was done, further flow of current did not affect water movement. We must assume in this case that the left end of the cell was for some reason more sensitive than the right end, and that it is the cathode (negative pole) which is more injurious than the anode. In this connection it may be recalled that in Nitdla, as in most irritable cells, it is the cathode which also produces reversible "stimulation," and the anode which enhances "recovery" (11) .
Water flow is thus induced indirectly by electric current, as the result of differential (and in many cases reversible) damage to the protoplasm, that at the cathode being more sensitive, and rendered more permeable to solutes, so that its semipermeable, osmotic properties are lost. As a result, water is forced across it by osmotic intake from the other, less damaged, end. (Fig.  11 B) If the injury is reversible, the flow stops on cessation of current; if irreversible, it continues after the current ceases, and until the other end loses its osmotic properties (Fig. 11 C) .
A --,,--.J-+ FIG. 11 . Diagram of the suggested cause of water movement due to current flow. In A, with low or zero current flow, both ends of the cell are intact, and osmotic attraction is balanced, giving rise only to turgor. In B, the left end of the cell (cathode) has been injured (shading) by application of higher potentials; it loses its semipermeable properties, while water continues to enter at the right, due to osmotic attraction. There is consequently a net flow (transosmosis) toward the left. Finally, in C, both ends have been injured (by still higher potentials or by reversal of polarity) and osmotic properties have been lost, as indicated by shading. There is now no osmotic movement across the cell. Small water transport would be due to electroosmosis across cellulose wall.
That indirect (osmotic) flow of water is involved, seems proved beyond question by the experiment shown in Fig. 5 , where the application of nearly isotonic mannitol almost entirely abolishes the water flow. Only at 45 volts does it become appreciable. Finally, in Fig. 9 , where injury was purposely induced by another agent (acetic acid) at one end of the cell, water movement became very large, and was not then greatly altered by the application of 10 volts, in either direction. Fig. 11 is a diagram summarizing our idea of the causes of water movement under applied potential. Fig. 11 A gives the situation in an intact cell under normal bioelectric stress or with applied potentials up to 10 times this value. Both ends of the protoplasm are osmotically effective, water is attracted equally into both ends, and no net flow results---only turgor. Fig.  11 B diagrams the situation under 10 to 20 volts applied potential (100 times normal). The left end of the cell (cathode) has become osmotically damaged, as indicated by the shading, while the right end is still normal. Water is there-fore attracted in at the right end, and forced out at the left, giving transosmosis (8) (9) (10) . If the damage is reversible, the left end recovers on cessation of current flow, and water movement also ceases; if irreversible, it continues. Finally, in Fig. 11 C we see the situation when both ends of the cell have been damaged (completely or equally) so that water intake is nil (or balanced) at the two ends, and no net flow results.
Such differential damage, we believe, accounts for most of the water flow in Nitdla under moderately large applied potentials (i.e., up to 10 or 20 volts). Whether it is responsible for the large flows sometimes observed (as in Figs.  7 and 8) , we axe still uncertain; 0.09 ~ NaC1 is not isotonic, and to this extent the proposed mechanism of cathodal damage could still hold. If so, the damage is more reversible in the presence of more concentrated salts than it is in tap water. Possibly the protoplasm is not depleted of its salts by transosmosis (as in tap water) and hence quickly recovers. Or it may be that under these conditions true electxoosmosis actually occurs. However, it should again be emphasized that it is limited to potentials 100 to 200 times the normal bioelectric range.
Finally, and possibly contributory to the above conclusion, is the fact that only very slight electroosmosis is observed with dead cells, when, only the cellulose wall is intact. Apparently protoplasm must be present to produce large movement of water, and it seems likely that the osmotic mechanism of Fig. 11 is then involved.
We conclude, therefore, that electroosmosis is not found in NiteUa under natural or applied potentials of moderate value. A "pseudoelectroosmosis" occurs under rather large applied potentials, but this has its origin in differential damage to the protoplasm, resulting in transosmosis. This may be reversible or irreversible. In any case it occurs only at potentials and currents 100 times any naturally possible values. This is in agreement with Studener (13), who found no evidence for anomalous osmosis in Nitella, when plasmolyzed with salts which gave some indication of the process in other cells.
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